Ten ancestry informative markers were investigated in 101 coronary artery disease patients and 102 healthy controls from a Southern Brazilian population, in order to determine if stratification occurs in this population. The degree of African admixture detected in this population was estimated to be as high as 6%, but no differences between cases and controls were observed. Using an African Ancestry Index (AAI) that estimates admixture at the individual level it was possible to remove from the samples those individuals with evidence of African admixture. Therefore we have shown that it is possible to control for population stratification by choosing individuals, without the loss of statistical power that occurs with the use of other methods of genomic control.
Introduction
Association studies have been widely used to help understand the genetic basis of quantitative traits, such as the susceptibility to complex diseases. However there has been much debate about the impact of population stratification on case-control association studies, and the fraction of associations that are attributable to stratification is still unknown (Ardlie et al. 2002; Freedman et al. 2004) .
Ethnic population stratification exists when the total population has been formed by admixture between subpopulations, and when admixture proportions vary between individuals . The most likely source of confounding in association studies is ethnicity, whereby allele frequencies vary according to ethnicity and cases and controls are not adequately matched in terms of ethnicity (Pritchard & Rosenberg, 1999; Risch, 2000) . As long as the heterogeneity is equivalent in case and control subjects (i.e., the two groups have the same mix of ethnic/genetic subgroups) stratification bias will not occur (Ardlie et al. 2002) . Statistical methods, including the use of genomic markers, have frequently been suggested to control for population stratification in genetic association studies (Reich & Goldstein, 2001; Chen et al. 2003) .
In order to verify if the degree of physical appearance of an individual is related to his/her African genomic ancestry Parra et al. (2003) , using the same set of ancestry informative markers (AIMs) described by Parra et al. (1998) , created an individual index of African ancestry that allowed them to estimate African genomic ancestry at the individual level. Parra et al. (2003) also showed that overall, based on self-classification, Brazilians have an intermediate African ancestry index (AAI) between Europeans and Africans.
In Brazil there might be a strong cultural bias toward claiming European ancestry, so we used morphological classification based on skin colour and morphological traits instead of self-classification for ethnic ascertainment in association studies (Rios et al. 2003; Mattevi et al. 2004) . Within a country of continental size, such as Brazil, population composition varies widely among regions. As a whole the population is highly mixed, as pointed out by Parra et al. (2003) , but the southern Brazilian population differs from this general pattern as shown by admixture quantification studies. This population is mainly of Portuguese descent, although Italians, Spaniards and Germans have also contributed to its gene pool. A review about the ethnic admixture in Brazilian and other Latin American populations was recently published by Salzano & Bortolini (2002) . These authors also showed a good agreement between morphologic classification, based on skin colour and morphological traits, and genetic estimates of admixture.
The current study was undertaken to examine if population stratification in this European derived population would be a confounding factor in association studies, and to test if the African ancestry index derived by Parra et al. (2003) would be useful to control for population stratification in case-control association studies.
Material and Methods

Population Sample
The sample comprised 101 individuals with coronary artery disease (cases) and 102 healthy controls. All subjects were of European ancestry as ascertained by skin colour and morphological characteristics. Clinical and demographic characteristics of this sample have been described elsewhere (Rios et al. 2003) . All subjects gave informed consent to participate in the study.
Genotyping
The markers studied in this study are those defined by Parra et al. (1998) , with the exception of ICAM1 which was replaced by APOA1 * 83 as described by Shriver et al. (2003) . The polymorphisms investigated are listed in Table 1 ; they were also used by Parra et al. (2003) . These genetic markers were chosen because they possess differences of frequency (δ) between the parental populations Parra et al. (1998) and Shriver et al. (2003) (APOAI83).
(European and African) that are higher than 45% or are population-specific. All markers except APOA1 * 83 were genotyped as previously described by Parra et al. (1998) , whereas the primers and protocols from Wang et al. (1996) were used for APOA1 * 83.
Statistical Analyses
The estimates of the allele frequencies, tests for HardyWeinberg equilibrium, and comparisons between cases and controls for these frequencies, were performed using the GENEPOP v.3.1d program (Raymond & Rousset, 1995) . The proportions of admixture in the samples were estimated using Long's (1991) weighted least squares (WLS) method (ADMIX program), and the approach of Chakraborty (1985) which provides least-squares estimates using gene identity probabilities.
The calculations for this method were performed by the Admix routine written by R. Chakraborty, modified and adapted for Windows by B. Bertoni (available at http://www.genetica.fmed.edu.uy/software.htm). The AAI was calculated for each individual using the allelic frequencies obtained from the literature, as described by Parra et al. (2003) . The AAI comparison between samples was performed with the Mann-Whitney U test using SPSS ® version 8.0. Additionally, the Structure program (Pritchard et al. 2000) was used to search for subpopulations of genetically similar individuals (Pritchard & Donnelly, 2001 ). This program was run with k = 2 as the predefined setting for the number of populations, with 30,000 iterations for the burn-in period and 100,000 additional iterations to obtain parameter estimates. The Mann-Whitney U test was also used to compare the individual probabilities of assignment to the inferred cluster 1 (Q values) between cases and controls.
To further test the feasibility of using AAI values for stratification control we simulated a situation in which a population of 16,000 control individuals, with an African admixture of about 14% and a hypothetical locus associated with coronary artery disease, was generated. A random sample of 102 controls was then selected from this artificial population, and the corresponding AAI values calculated. Subsequently, individuals with AAI values indicative of African ancestry (greater than − 4.86) were excluded. Odds ratios (OR) and respective 95% confidence intervals (0.95 CI) for the hypothetical association were calculated before and after stratification controlling, using SPSS ® version 8.0.
Results
Allele frequencies for the ten polymorphisms investigated are shown in Table 1 . The genotype frequencies for all markers were in agreement with those expected under Hardy-Weinberg equilibrium (data not shown). No significant differences between cases and controls in the frequency of each marker were observed. African admixture estimates with both methods showed low levels of admixture in this European derived population (Table 2 ). The introgression of African genes was lower in cases (2%) than in controls (6%), but considering the standard errors of these estimates they were of the same order of magnitude. Parra et al. (2003) . Table 3 presents information about AAI in cases and controls. The AAI median for controls (− 10.78) was somewhat higher than that estimated for cases (− 10.89), but the difference was not statistically significant (p = 0.392) ( Figure 1A) . The median values are more similar to those described for the Portuguese sample (− 11.73), as reported by Parra et al. (2003) , than to the median observed for southern Brazilians (− 9.11) in the same study (Table 3 ). The highest AAI (− 4.86) observed in that Portuguese sample was used as a cut-off point to define European ancestry in our samples. In order to test the use of this index to select cases and controls in association studies the AAI was recalculated, removing individuals with an index higher than the highest Portuguese value (− 4.86: 9 controls and 2 cases, values ranging from − 4.77 to − 0.78). The resulting medians for the controls (− 10.92) and cases (− 10.98) became practically identical (p = 0.999) (Table 3; Figure 1B ). It should be noticed that the lowest value described by Parra et al. (2003) for Africans was +2.86, therefore no overlap with the African AAIs was observed in this population.
To corroborate the absence of structure in this European-derived population the Structure program was used to identify clusters of individuals in the whole sample of 203 subjects. Again, no evidence of stratification in the total sample was observed, and no significant differences between cases and controls were detected when Q values were compared (cases: mean ± SE: 0.507 ± 0.023; controls: 0.510 ± 0.024; Mann-Whitney U test, p = 0.903).
We also simulated a new control sample with 102 individuals randomly selected from a population with 14% African admixture, and investigated whether an apparent association between a hypothetical gene A and coronary artery disease was due to stratification. The sample of cases was the same used in our previous analysis. The AAI median for controls (− 9.58) was now statistically lower than that estimated for cases (− 10.89) (p = 0.001). We also simulated a statistically significant association between a hypothetical gene A and coronary artery disease (OR = 1.89; 0.95 CI: 1.21-2.94; p = 0.007). After the removal of individuals with an AAI higher than − 4.86 (23 controls and two case individuals) medians for the controls (− 10.89) and cases (− 10.98) were no longer different (p = 0.272), and Figure 2 ).
Discussion
Admixed populations are an important resource that can be used to study the genetics of complex disorders. A prerequisite to this application is a better understanding of the admixture proportions and dynamics of the admixture process. Several investigations have been conducted using AIMs in order to describe the admixture process and population dynamics in American admixed populations (Parra et al. 1998; Shriver et al. 2003; Bonilla et al. 2004; Collins-Schramm et al. 2004) . These studies provided evidence that AIMs have applicability in admixture mapping, as well as to control for structure in association tests. Although these data provide support for these practical applications, they were only validated in few populations. The emerging picture is that populations do generally cluster by broad geographic regions that correspond with common racial classifications; thus knowledge of ethnicity is important for proper design of case-control association studies, and for identifying disease predisposing alleles that may differ across ethnic groups. Several methods have been described to correct for population stratification (Devlin & Roeder, 1999; Pritchard & Rosenberg, 1999; Pritchard et al. 2000; Reich & Goldstein, 2001 ). These methods are quite general, and they mathematically correct for the degree of stratifi- cation at the sample level. The African ancestry index used in the present study can be used at the individual level, and therefore it is possible to correct for stratification by removing some individuals from the sample without loss of statistical power due to statistical corrections.
It has been shown that, even when using proxies such as skin colour to match cases and controls, some hidden admixture could still occur, as described by Shriver et al. (2003) in European Americans and as shown in the present study in European Brazilians. All individuals investigated in this study were selected as being of European ancestry based on skin colour and morphological characteristics, but low levels of admixture were estimated (Table 2) ; therefore the simultaneous use of a second method of matching, at the individual level, will help to avoid false positives due to population substructure. On the other hand, in heterogeneous populations, such as Brazilians where there is a poor correlation between skin colour and ancestry, direct matching of cases and controls using AAI might be a more accurate and appropriate procedure, rather than using proxies such as skin colour and morphological characteristics to match individuals. Even using a population with higher levels of admixture, as shown in our hypothetical simulation, the method is still useful. If one is, for instance, dealing with a rare disease it would be possible to remove or include individuals in the control group to match them with the cases, and avoid population stratification in association analyses.
In Brazil many population studies have been carried out with the objective of assessing the degree of European, African and Amerindian contributions to their gene pools using blood groups and protein markers (for a review see Salzano & Bortolini, 2002) . Most of these studies estimated the African contribution to the southern European-derived population as 8%, which is a figure close to that estimated for our control sample using DNA SNPs (6%). Parra et al. (2003) , using the same set of SNPs as well as the same estimation method (Long, 1991) , showed 13% of African admixture in southern Brazilians, which is more than twice the highest value observed in the present study. Although their sample is not strictly comparable to the one investigated herein, because it comprises individuals from all three southern states, the main difference is that Parra et al. (2003) used self-classification as the criterion to define European ancestry. As pointed out by Ziv & Burchard (2003) in populations from the United States and Latin America, where admixture has been ongoing for several generations, self-described ethnicity may be a less accurate predictor of genetic ancestry. Nevertheless the use of the African Ancestry Index was still useful for population controlling, as shown by the simulation performed with this level of African gene flow (Table 4) .
Considering the tri-ethnic nature of the Brazilian population as a whole it would be important to define a set of markers which would be able to identify the Amerindian contribution. Although Shriver et al. (2003) , among others, have identified specific markers for Native Americans these might not be useful for admixture estimations. As pointed out by Cavalli-Sforza et al. (1994) the extreme drift in many South American Native groups has generated an exceptional gene frequency variation. There is no assurance for any of the most informative markers that they were truly absent from the original American Natives and can therefore be used for inferring admixture. Even if gene frequencies are averaged over extant populations we could have no idea how these frequencies were in the past, because of the enormous intertribal and interregional drift due to the numerous processes of fission and fusion of tribes.
The limitations of this study should also be considered. The samples used in this study are small, as is the number of SNPs used. Larger samples sizes and more markers would be required for a whole-genome association study of a multigenic phenotype. Because few SNPs were used we cannot exclude the possibility that low levels of stratification remained undetected. The constraint of having a high-throughput setting severely limits the possibility to test hundreds or thousands of SNPs in several laboratories, but if this was an option it would be possible to genotype more markers, and then calculate the individual index in the same way as it was performed in this study. Nevertheless our results indicate that simple matching strategies can effectively control for population stratification, and that ten ancestry informative markers were sensitive enough to detect admixture levels as low as 2% as estimated in the case sample. Data presented herein show that if matching is done carefully, using the African Ancestry Index, genetic stratification can also be kept to a minimum. Our results are encouraging to investigators who work with more heterogeneous populations. As pointed out by Ardlie et al. (2002) in samples that have the same mix of genetic subgroups, stratification bias will not be a problem, nevertheless it could occur in repeated samplings from the same population, if the underlying heterogeneity in each sampling is not well matched.
In conclusion, we suggest that using markers that are particularly informative for ancestry to estimate an African ancestry index at the individual level would be a useful method for genomic control in association studies in admixed populations. More empirical data is needed to improve the feasibility of this approach in case-control association studies in admixed populations.
